The central dogma of molecular biology rests on two kinds of asymmetry 11 between genomes and enzymes 1 . Information flows from genomes to en-12 zymes, but not from enzymes to genomes: informatic asymmetry. En-13 zymes provide catalysis, whereas genomes do not: catalytic asymmetry. 
of monomers). The substrate is recycled through the decay of P and Q to keep
The derivation of equations (1) 
192
Given that all these systems potentially involve conflicting multi-level selection and P =k Q = 1 unstable. The asymmetric equilibria can be reached ifk P ≈k Q ≈ 1.
233

Methods
234
The model.
235
The model treats each molecule as a distinct individual with uniquely-assigned k c pt 236 variables. One time step of the model consists of three sub-steps: reaction, diffusion, 237 and cell division.
238
In the reaction step, the reactions depicted in Fig. 1b produced (p = P or p = Q).
248
The above rule about complex formation implies that whether a template is which coexistence between P and Q is neutral with respect to cellular-level selection
264
(see Supplementary Discussion 2).
265
In the diffusion step, all substrate molecules are randomly re-distributed among 266 protocells with probabilities proportional to the number of replicators in protocells.
267
In other words, the model assumes that substrate diffuses extremely rapidly.
268
In the cell-division step, every protocell containing more than V particles (i.e. P,
269
Q, and S together) is divided as described in the main text.
270
The mutation of k rate constant of complex formation is regarded as zero.
277
We ascertained that the above specific model of mutation does not critically affect 278 results by testing two alternative models of mutation. One model is nearly the same 279 as the above, except that the boundary condition at k c pt = 0 was set to reflecting.
280
The other model implements mutation as unbiased random walks on a logarithmic 281 scale. The details are described in Supplementary Discussion 3.
282
Each simulation was run for at least 5 × 10 7 time steps (denoted by t min ) unless 
291
Ancestor tracking. breaking.
299
The derivation of equations (1).
300
To derive equations (1) that replicator j of type t in protocell i is replicated or transcribed per unit time.
308
Let n t ij (τ ) be the population size of this replicator at time τ . Then, the dynamics of 309 n t ij (τ ) can be mathematically described as
(2)
311
The fitness of the replicator can be defined as the dominant eigenvalue λ ij of the 2×2 eigenvectors are calculated as follows:
Based on the above simplification, we now derive equations (1). For concreteness,
319
we focus on the evolution of the average catalytic activity of P (denoted byk P in 320 the main text). However, the same method of derivation is applicable to that of Q 321 if P and Q are swapped.
322
Let κ P ij be the catalytic activity of replicator j of type P in protocell i (we use κ ariance between x and y over the replicators in protocell i (one replicator is always 328 counted as one sample in calculating all moments). Below, we show that equations (1) 329 approximate equation (4) up to the second moments of κ P , viz., σ
331
To approximate the first term on the right-hand side of equation (4) [⟨λ ij ⟩, ⟨κ 
337
To approximate the second term on the right-hand side of equation (4) 
where O(σ 
345
Substituting equations (5) and (6) into equation (4), we obtain
Next, we assume that covariances between κ P and κ Q , namely, σ (7) is transformed into
353
Using equation (3) (i.e., λ ij = ω
Moreover, it can be shown that
Using the above equation, we can transform equation (9) into
359
where
We adopt the following notation: 
where O ′′ is omitted.
383
To derive the equation for ∆k Q (i.e., ∆⟨κ Q ij ⟩), we swap P and Q in the above deriv-384 ation. Moreover, we assume that σ
because no difference is a priori assumed between P and Q.
386
The phase-plane analysis.
387
To perform the phase-plane analysis depicted in Fig. 3 , we adapted equations (1) 
391
where the factor e ⟩ is described by equation (7), we substitute equation (11) into equation (7).
404
For this substitution, we need to calculate the derivatives of fitness. According to 405 equation (3), the fitness of a replicator is λ ij = ω
).
407
Moreover, the average fitness of replicators in a protocell is ⟨λ ij ⟩ = e
409
We substitute these derivatives into equation (7) and use the fact that 418 Equation (12) can be expressed in a compact form as follows:
where ∇ is a nabla operator (i.e., ∇ = [∂ ∂⟨κ
), and C =
422
(ρ mol − 1) ln(e multiply the right-hand side of equation (13) right-hand side of equation (13), we obtain
The above equation was numerically integrated to obtain the phase-plane portrait (catalyst) (template) catalysts and templates be P and Q, respectively. Then, the dynamics of n t ij (τ ) is 670 mathematically described as follows: 
699
Therefore, the self-replication of catalysts is favoured by cellular-level selection. with reflecting boundaries at both bounds.
744
To determine the condition for symmetry breaking, we simulated the above (Fig. 2) . Given that the Wright-Fisher model involves many of the simplifications in-749 volved in equations (1), the above consistency supports the validity of the symmetry 750 breaking mechanism described by equations (1).
